We present results of microwave and millimetre-wave resonance measurements in D, F and G Rydberg states of neutral aluminium in the frequency range 4-423 GHz for principal quantum numbers n = 22-43. In all, 12, 27 and 19 resonances of nF
Introduction
The accuracy with which the energies of high-lying Rydberg states of neutral aluminium are known is unsatisfactory by modern standards. Al(3s 2 nd)n 2 D states have been investigated by optical spectroscopy [1] [2] [3] [4] , but the results give values of the quantum defects of unknown accuracy whose values are unconfirmed. In these the doublet fine structure is at best only partially resolved [4] . In addition there has been some inconsistency in n quantum number assignments of nD levels in published tabulations. (Moore [5] , Bashkin and Stoner [6] , Striganov and Sventitskii [7] , O'Mahony [8] and others index the nD levels such that the quantum defect at high n is approximately one and (n + 1)D levels lie close to-just abovenF levels. Alternatively, the NIST Atomic Spectra Database [9] ,Komninos et al [10] and others index the nD levels so that the quantum defect is approximately zero at high n and nD levels lie close to-just above-nF levels. In this paper we use the more traditional Moore [5] indexing throughout, there being little to chose on fundamental grounds between the two schemes [11] .) As concerns nG states, data are available only for the lowest three levels, n = 5, 6 and 7, from which only the first term in the Ritz expansion [12] of the n-dependent quantum defect can be determined. This situation has prompted us to carry out a detailed investigation of the energies of high-lying nD, nF and nG states of the Al I atom. Accurate energies and splittings in high-lying states of Al and other atoms are important for trace element analysis [13] and for both optical and radio-astronomy [14] . The present paper follows that by Dyubko et al [15] (referred to hereafter as paper I) in which the spectroscopy of Al I nF states was investigated via two-photon nF → (n + 1)F microwave transitions. Since the older data did not even allow definite n, and j -level assignments of the frequencies of nF → n 2 D 3/2,5/2 and nF → n G type transitions measured by us, the results of paper I provided an essential basis for the present measurement of nD and nG states.
Atomic-beam spectroscopy of Al atoms has its own peculiarities, which are connected with creating a long-lived Al atomic beam source [16] , eliminating sources of resonance-line broadening, enhancing the signal-to-noise ratio, and suppressing uncontrolled stray electric fields in the interaction region. These matters are discussed below in section 2. In section 3 measurements of 58 microwave-resonance frequencies are presented for nF → n 2 D 3/2,5/2 and nF → n G transitions, n = 22-43, in the frequency range from 4 to 423 GHz, which have been obtained for the first time. The results are used to find Ritz-expansion coefficients for quantum defects of n 2 D 3/2 , n 2 D 5/2 and nG states and the fine-structure splittings of nD states with a high level of confidence.
Experimental details
The apparatus layout used in this study was described and illustrated in paper I. The Littrow-type dye lasers used for the earlier work with nF states were reconstructed as grazing-incidence-type lasers [17] , from which narrower output linewidths were obtained. Two schemes of excitation were used. The first laser, frequency-doubled to either 309.27 or 308.22 nm, excited the 3 2 D 3/2,5/2 from 3 2 P 3/2 , or 3 2 D 3/2 from the 3 2 P 1/2 , ground states respectively. The second laser, tuned in the range 630-650 nm, excited n 2 F 7/2,5/2 in the first case or n 2 F 5/2 (only) in the second case, according to electric dipole selection rules. Using both excitation schemes alternately simplified the task of assigning the observed resonances.
The two laser beams were merged collinearly with the help of a dichroic mirror and were then focused by a CaF lens into the Al beam at the centre of a pair of field-ionization [18] electrode plates. The cloud of Rydberg atoms was cylindrical,approximately 1-2 mm diameter and 1 mm long. The circular electrodes had diameter 40 mm and spacing 6.5 mm. A channel electron multiplier (CEM) was positioned behind holes in one plate opposite the region of Rydberg-atom excitation.
A computer-controlled frequency synthesizer and several stages of frequency multiplication were used to provide microwave radiation in a broad frequency range from 4 to 423 GHz. A commercial synthesizer, spanning 390-400 MHz and referenced to a rubidium frequency standard, was tuned with minimum step size 10 −2 Hz to serve as the local oscillator (LO). A 3.4-5.2 GHz klystron was phase locked to harmonics of the LO. In turn, harmonics of the klystron were phase locked to one of three backward wave oscillators (BWO) having frequency ranges 53-79, 75-120 and 100-140 GHz, respectively. With this system the frequency range from 53 to 140 GHz was covered. Between 5.3 and 53 GHz the phase-locked klystron output drove a crystal frequency multiplier. Above 140 GHz a Schottky barrier diode frequency multiplier was driven by one of the BWOs. The output power from the harmonic generators was very low but sufficient for all the Rydberg transitions reported. Microwave radiation was introduced between the plates through a quartz window.
Because microwave power was supplied continuously, there was some risk of spurious resonance effects involving the laser or the pulsed electric field used for detection of the Rydberg in table 2 , and e and f in table 3. Two-photon resonances connecting nF and (n + 1)F levels were reported in paper I [15] . The D levels are indexed according to Moore [5] .
atoms by field ionization. Microwave-laser off-resonance two-photon transitions were easily identified and eliminated by reducing microwave and/or laser power levels. Conventional single-photon microwave-resonance power broadening was eliminated by reducing power until the narrowest resonance lineshape was obtained without losing the signal in noise. Appropriate power levels were determined experimentally for each resonance individually.
Detection of Rydberg atoms that had undergone the microwave-induced transition was carried out by pulsed field ionization [18] with precisely selected strength of the field. The output voltage of the pulse generator could be adjusted smoothly from 50 to 1000 V to optimize the separation of signals from initial and final states of each transition. The pulse duration was 1 µs and the risetime was 80 ns. The ionizing pulses were applied to the plates 0.7-1 µs after each laser flash. The problem of reducing the influence of stray electric and magnetic fields was approached as follows. The spectrometer vacuum chamber was made from 8 mm thick medium-carbon steel for isolation from external magnetic interference. All signal and voltage feedthroughs were shielded to reduce penetration of radiofrequency fields inside the chamber. During the course of operation the field-ionization plates would become coated by a thin layer of Al, which oxidized to Al 2 O 3 (a good insulator) when next exposed to air. Unless the oxide was removed, during the subsequent operation under vacuum fresh Al could be scattered and deposited on the coated plates from the atomic beam, and either the insulating or now-isolated conducting layers would collect electric charge giving rise to stray and drifting electrostatic fields 1-100 mV cm −1 in magnitude. In such fields the resonances of Rydberg atoms can undergo significant shifts (up to several megahertz). To reduce or prevent this scenario the plates were cleaned thoroughly before each evacuation. In the course of experiments spurious fields were offset by small trim voltages (from 10 to 30 mV) of appropriate polarity applied to the electrodes. The electric-field Stark shifts of resonances may be recognized by their unidirectionality, and so symmetrical resonance lineshapes, and centre frequencies that are at an extremum with respect to variation of a trim potential, testify to the weakness of the uncancelled stray fields.
Background signals in the CEM caused by photoelectrons generated by the incandescent filament or by scattered laser light were eliminated by using biased apertures. Scattered UV laser light falling directly on the input cone of the CEM was reduced by collecting electrons from field ionization of Rydberg atoms through a baffle of deep blackened holes in the ionization electrode, which served to attenuate all but a small fraction of scattered light passing just parallel to the holes. In addition, randomly timed background signals were eliminated by gated detection and signal averaging. Up to 50 scans of an individual resonance line were combined for signal-to-noise enhancement. The final accuracy of measurements is about ±1 MHz, mainly limited by residual drifting stray electric fields.
Results and discussion

Line broadening and error sources
There are several causes of line broadening and, in conjunction with signal-to-noise ratio (S/N) and repeated measurements, these limit the final precision and accuracy of the measurements:
• natural broadening;
• Doppler broadening;
• collisional broadening;
• broadening due to limited time of interaction with radiation;
• Stark broadening;
• Zeeman broadening;
• power broadening;
• unresolved F and G fine structure.
We consider each in turn. The natural radiative lifetimes of the Rydberg states are proportional to n 3 . Scaling from the values given by Theodosiou [19] we obtain τ nD = 0.73-5.5 µs for n = 23-45 and τ nF = 8-60 µs for n = 22-43. For nD states with n 32 radiative decay thus contributes less than 1 MHz to the resonance linewidth, and lifetime broadening of F and G levels is negligible. By Dicke narrowing [20] Doppler broadening will be negligible in the present work in cases where the wavelength is much greater than 1 mm, that is, ν 300 GHz, which covers all but a few cases in tables 1-3. For Al atoms emitted from a source at T = 1000 K, the conventional Doppler width (full-width half maximum) is ν/ν = 8k B T ln 2/Mc 2 = 4.3 × 10 −6 , where k B is Boltzmann's constant and M = 27 u is the atomic mass of Al [21] . This amounts to 1.3 MHz at ν = 300 GHz. Collimation of the atomic beam and orthogonality of the microwave propagation and atomic velocity vectors introduces an additional factor of order sin 3
• , reducing the Doppler width in the worst case to less than 0.1 MHz. Pressure broadening in the atomic-beam environment at pressures of order 5 × 10 −6 Torr will not exceed 100 Hz. The broadening due to limited exposure time t ≈ 1 µs of the atoms to microwave radiation is about 1 MHz. Longer exposure does not narrow the resonances, because within 2.5 µs the atoms fly past the openings through which the CEM detector views the Rydberg volume, and the signal drops. Near degeneracy of nF and (n +1) 2 D 3/2,5/2 and also of nF and nG levels is a characteristic of the of energy spectrum of Al. For such energy levels even in very weak electric fields a quasilinear Stark effect [21] is observed that leads to rapid broadening of the levels. This is the primary cause of the large resonance widths shown in figure 2. In our experiments for n ≈ 30 we observed Stark splitting and shift of about 1 MHz for each 0.1 V cm −1 of applied bias field on the ionization plates. Parasitic static fields increase gradually up to values 0.02-0.1 V cm −1 as Al atoms condensed unavoidably on the plates during experimental runs. Consequently, resonances were considered acceptable only when measured immediately after plate cleaning and re-evacuation. A small dynamic Stark shift [21] could sometimes be seen, leading to asymmetry of the resonance line wings. In this case the microwave power level was reduced until a relatively symmetric resonance was obtained. Hydrogenic estimates of the unresolved doublet fine-structure splittings of nF and nG levels are of order 0.6 and 0.2 MHz, respectively, in the vicinity of n = 30. Zeeman splitting or broadening in the uncancelled ambient magnetic field of the apparatus of order 1 G would give symmetrically displaced resonance components offset by ≈1.4 MHz G −1 , but unshifted field-independent m j = 0 components will contribute together at the field-free line centre while field-dependent m j = ±1 components will blend into symmetrical line wings. Of all factors that contribute to resonance shifts and broadening, the Stark effect in quasi-static stray fields is the worst.
Line centres, term values and Ritz coefficients
The frequencies of 12 resonances of the type nF → n D 3/2 transitions, where n = n + 1 or n + 2; 27 resonances of the type nF → n D 5/2 transitions, where n = n + 1 or n + 2; and 19 resonances of the type n F → n G, where n = n or n + 1, were measured and assigned in the range of principal quantum number n from 22 to 43 and frequency from 4 to 423 GHz (tables 1-3). Figure 3 represents each measured resonance by a dot, with the transition types labelled according to figure 1.
The energy levels of the states of Al corresponding to quantum numbers n, and j may be expressed by the Rydberg formula
where h is Planck's constant, c is the speed of light, and R Al = 109 735.08 cm −1 is the mass-corrected Rydberg constant. The Ritz expansion of the quantum defect δ is [12] 
Principal quantum number n Coefficients E , j , A , j and B , j (table 4) were obtained by least-squares fitting of data from tables 1-3. For convenience the values of the corresponding constants for F states, obtained in paper I, are also listed: these values were taken as given in order to find the remaining coefficients by fitting. In the last column of tables 1-3 we give the residual ν observed -ν calculated based on the constants in table 4. The overall root-mean-square deviation for the 58 reported transitions is 0.68 MHz. For some individual lines as noted in the tables the residuals reached values as great as 4 MHz. By the steps taken to obtain symmetric lines, and supported also by the fact that deviations from the model predictions based on equation (2) do not increase significantly as n is increased (according to the last columns of tables 1-3; cf [22] ) we believe that an estimated overall accuracy of ±1 MHz is appropriate for all resonance results.
It is apparent upon examination of table 4 that large discrepancies exist for the D-state quantum-defects with respect to earlier optical measurements: differences up to 15 GHz occur Table 4 . Ritz-expansion coefficients (dimensionless) for Al I D, F and G Rydberg states obtained by fitting the data in tables 1-3 using the model described in equations (1) and (2) . (Standarddeviation uncertainties are indicated in parentheses in terms of the last digit given. Where no value of j is specified, measurements with resolved doublet fine structure are not available. These results may be used with the alternative NIST [9] Table 5 . Fine-structure splitting in Al I n 2 D 3/2,5/2 terms. The fine-structure is 'normal', with j = 5/2 lying higher in energy than j = 3/2. Standard-deviation uncertainties are indicated in parentheses in terms of the last digit given. [9] of nD levels, since the formula is expressed in terms of n * not n.) The small discrepancies between experimental frequencies and those calculated from new coefficients are shown in the fourth column of table 5. The overall accuracy of the splittings in table 5 is ±1.4 MHz. Buurman et al [4] reported Al n 2 D fine structure splittings for several levels having n = 29-37, but their values, which lie between 1000 and 1500 MHz with uncertainty ±300 MHz, disagree completely with our own. Komninos et al (see [10] , table 3) calculated fine structure splittings of the Al 2 D levels by two methods, with and without core-valence interactions, respectively: the results differ from one another by about 25%. We note that our experimental fine-structure intervals are in almost perfect accord with the second of these calculations although Komninos et al stress the importance of including core-valence interactions for proper understanding of the lower-n levels of the perturbed Al nD Rydberg series.
In summary, we have used laser excitation and microwave/millimetre-wave resonance techniques to measure D-to-F and F-to-G state intervals in Rydberg states of neutral aluminium, n = 22-43, in an atomic beam with accuracy typically 1 MHz and have determined quantumdefect Ritz-expansion coefficients from which the entire n 2 D 3/2 , n 2 D 5/2 , nF and nG Rydberg series of energy levels may be calculated to the same accuracy. Although F-and G-state doublets were unresolved, the D-state (normally ordered) doublet fine structure was resolved, and coefficients describing its n-dependence are also provided. Future work should focus on accurate measurement of the lower angular momentum states and the detection of fine and possibly hyperfine structures in Rydberg states of Al I.
